We show that one single-mode squeezed state distributed among N parties using linear optics suffices to produce a truly N-partite entangled state for any nonzero squeezing and arbitrarily many parties. From this N-partite entangled state, via quadrature measurements of N 2 2 modes, bipartite entanglement between any two of the N parties can be "distilled," which enables quantum teleportation with an experimentally determinable fidelity better than could be achieved in any classical scheme. 03.65.Bz, 42.50.Dv Entanglement is seen as an essential ingredient in quantum communication and computation.
. Experimentally, F 0.58 6 0.02 was achieved. Though this limits our attention to the teleportation of a rather modest set of nonorthogonal states, the fidelity gives a clear experimental signal for the presence of entanglement.
Now it is known that even one single-mode squeezed state incident on a beam splitter yields a bipartite entangled state [11] . This result is in agreement with entropic measures of bipartite pure-state entanglement [12] . If one single-mode squeezed state were distributed among N parties using linear optics, would we obtain a truly N-partite entangled state? We show that we can answer this question using the fidelity criterion for teleporting unknown coherent states. In particular, we will see that one single-mode squeezed state is sufficient to allow quantum teleportation between any two of the N parties with the help of all other parties. The assistance by the other N 2 2 parties relies only on local measurements and classical communication. Because of these N 2 2 measurements, bipartite entangled states are "distilled" from the initial N-partite entangled state.
The "position" and "momentum" of a 1D wave packet (units-free withh 1 2 as in Ref. [13] ) are the electric quadrature amplitudes representing the quantum state of a single polarization of a single transverse mode of electromagnetic radiation. We define the action of an ideal (phase-free) beam splitter operation on a pair of modes i and j viaB ij ͑u͒ :
It yields an entangled state when applied to the zeromomentum eigenstate jp 0͘~R dx jx͘ of mode 1 and the zero-position eigenstate jx 0͘ of mode 2:
The outgoing Einstein-Podolsky-Rosen (EPR) state [14] , a two-mode momentum eigenstate with total momentum p 1 1 p 2 0 and relative position x 1 2 x 2 0, contains exactly the correlations we need for reliable teleportation. It corresponds to a two-mode squeezed state [15] , obtained by superimposing a momentum-squeezed and a position-squeezed state, in the limit of infinite squeezing. We use the Heisenberg representation to describe an approximate version of this state for finite squeezing. The beam splitter operation applied to a momentumsqueezed and a position-squeezed vacuum mode yields for the Heisenberg operators [15] x 1 ͑e
A superscript "͑0͒" denotes initial vacuum modes, and r 1 , r 2 are the squeezing parameters. For quantum teleportation [3] , mode 1 is sent to "Alice" (the sender) and mode 2 is sent to "Bob" (the receiver). Alice's mode is superimposed at a 50͞50 beam splitter with the unknown input mode "in" to be teleported, yielding for the relevant quadraturesx u ͑x in 2x 1 ͒͞ 
where s x and s p are the variances of the Q function of the teleported mode for the corresponding quadratures. An average fidelity F av . 2 with g 1. We must conclude that the Gaussian two-mode state obtained by superimposing one single-mode squeezed state with vacuum (any r 1 . 0, r 2 0 or vice versa) exhibits bipartite entanglement. Of course, reliable teleportation with perfect fidelity F 1 (for g 1) requires r 1 !`and r 2 !`and hence two single-mode squeezed states superimposed. We set r 2 0 and look for the maximum fidelity of coherent-state teleportation achievable with one single-mode squeezed state r 1 . 0 as entanglement source. For infinite squeezing r 1 !`and r 2 0, we find F 1͞ p 2 (g 1). Here, a nonclassical teleportation fidelity serves as sufficient criterion for the presence of entanglement. Indeed, here, the violation of F # 1 2 in coherent-state teleportation is consistent with the violation of ͗͑x 1 2x 2 ͒ 2 ͘ 1 ͗͑p 1 1p 2 ͒ 2 ͘ $ 1 which has been recently identified as a sufficient inseparability criterion for bipartite continuousvariable systems [16] . A simpler but less compelling method than doing quantum teleportation for the experimental application of this sufficient criterion would be the detection of the variances ͗͑x 1 2x 2 ͒ 2 ͘ and ͗͑p 1 1p 2 ͒ 2 ͘ after combining the two modes at a beam splitter [17] .
We now ask if it is also possible to connect more than two locations via EPR channels that can be used for quantum teleportation. At first we consider three locations represented by "Alice," "Bob," and "Claire." Applying the beam splitter operations ("tritter" [13] )
to a zero-momentum eigenstate in mode 1 and a pair of zero-position eigenstates in modes 2 and 3 yields R dx jx, x, x͘. This GHZ-like state [6] is an eigenstate of total momentum zero with relative positions x i 2 x j 0 ͑i, j 1, 2, 3͒. It obviously exhibits tripartite entanglement. In order to consider finite squeezing, we again employ the Heisenberg representation. The tritter applied to a momentum-squeezed and two position-squeezed vacuum modes yields for the Heisenberg operatorŝ 
with the three squeezing parameters r 1 , r 2 , and r 3 . The teleportation protocol involving three participants Alice, Bob, and Claire works as follows. Let us send the three modes of Eqs. (6) to Alice, Bob, and Claire, respectively. Again, Alice wants to teleport an unknown quantum state and couples her mode 1 with the unknown input mode "in":
Let us write Bob's mode 2 and Claire's mode 3 aŝ
where g ͑3͒ is another gain determined later. Again, Alice measures certain classical values x u and p v forx u andp v . The operatorsx u andp v in Eqs. (7) collapse. However, this time Alice sends her classical results x u and p v either to Bob or Claire via classical channels. Now either Bob or Claire is able to reconstitute the input state provided that additional classical information is received: Bob needs the result of a momentum detection by Claire reducingp 3 to p 3 , and Claire needs the result of a momentum detection by Bob reducingp 2 to p 2 . Assuming that Claire detects her mode 3 and sends the result to Bob, a displacement of Bob's mode 2,
, accomplishes the teleportation. For g 1, the teleported mode becomeŝ
When to Claire (and both send the required classical information to Claire and Claire performs the corresponding displacements), one can easily see that with optimum gain the fidelity also exceeds the classical limit for any r 1 . 0 when r 2 r 3 0. In fact, Alice, Bob, and Claire can determine any one of them as sender and another one as receiver. For r 1 , r 2 , r 3 !`and unit gain, quantum teleportation is perfect with F 1. If r 1 r 2 r 3 r, coherent-state teleportation with F . 1 2 between any two of Alice, Bob, and Claire is achieved for any r . 0, provided optimum gain is used. Even if the tripartite entanglement is based only on one squeezed state, the teleportation is better than classical with any sender and receiver chosen and any nonzero squeezing. For r 1 !`(r 2 r 3 0), we find the maximum fidelity F 1͞ p 2 as in the scheme involving only Alice and Bob.
In the following we want to investigate if the previous results can be extended to more than three parties. We apply the beam splitter operationŝ
to a zero-momentum eigenstate in mode 1 and N 2 1 zero-position eigenstates in modes 2 through N. We obtain the entangled N-mode state R dx jx, x, . . . , x͘. This state is an eigenstate with total momentum zero and relative positions x i 2 x j 0 ͑i, j 1, 2, . . . , N͒.
For finite squeezing, again we refer to the Heisenberg operators. The above "N splitter" applied to one momentum-squeezed (r 1 r) and N 2 1 positionsqueezed vacuum modes (r 2 r 3 · · · r N r) yields momentum quadrature operators for any N correlated as *√p
which becomes zero and means perfect correlations for r !`and g ͑N͒ 1 (k fi l). The correlations of the outgoing position quadrature operators satisfy ͗͑x k 2x l ͒ 2 ͘ e 22r ͞2. The symmetric N-mode Wigner function of these states is a generalization of the finitesqueezing EPR-state Wigner function [18] . With only one momentum-squeezed (squeezing r 1 ) and N 2 1 vacuum modes (r 2 r 3 · · · r N 0), the variance in Eq. (11) becomes ͓2 1 ͑N 2 2͒g ͑N͒ ͔ 2 e 22r 1 ͑͞4N͒ 1 ͑g ͑N͒ 2 1͒ 2 ͑N 2 2͒͑͞2N͒ and ͗͑x k 2x l ͒ 2 ͘ 1͞2. Let us now assume that the N outgoing modes are sent to N different locations. We arbitrarily choose two locations of them as sending (mode k) and receiving station (mode l) for teleportation. The teleportation protocol is almost the same as in the N 3 case. However, now the receiver needs the classical information of the sender's detection of the quadraturesx u ͑x in 2x k ͒͞
2, and in addition the classical results of N 2 2 momentum detections at the N 2 2 remaining stations. This can be seen by writing mode l aŝ
Finally, the receiver displaces his mode by the sum of all classical results received,
jfik,lp j . Now we can optimize the teleportation fidelity using Eq. (11) and find the optimum gain g ͑N͒ ͓e 14r 2 1͔͓͞e 14r 1 ͑N 2 2͒͞2͔, assuming r 1 r 2 · · · r N r. For a coherent-state input, we obtain the optimum fidelity according to Eq. (4) with g 1 (F F av )
For r 0, we obtain F opt 1 2 . Perfect teleportation with F opt 1 in any of the N͑N 2 1͒͞2 channels (but, of course, not simultaneously by no cloning [19] ) is achieved with infinite squeezing in all single-mode squeezed states r !`(g ͑N͒ 1) for any sending and receiving station chosen from the N locations. For any r . 0, we find F opt . Figure 1 shows the fidelity of Eq. (13) for squeezing in dB. What about using only one single-mode squeezed state and N 2 1 vacua in this N-mode scheme? Even in this case (r 2 r 3 · · · r N 0), quantum teleportation is possible in any of the N͑N 2 1͒͞2 channels for any N. We obtain the optimum fidelity for coherent-state teleportation F opt ͓2 1 2N͑͞N 2 2 1 2e
with g ͑N͒ ͓e 12r 1 2 1͔͓͞e Fig. 2 for squeezing in dB. Remarkably, F opt . 1 2 for any r 1 . 0 with arbitrary N. In the limit r 1 !`, we still attain the maximum fidelity F 1͞ p 2 for any N. By first considering only the momentum detections at the N 2 2 stations without the teleportation from k to l, we can give our protocol also the quality of a "distillation" of bipartite entanglement from N-partite entanglement. The bipartite entanglement can experimentally be verified by applying sufficient inseparability criteria through detections of the combined modes [17] or through quantum teleportation as shown. These verifications require classical communication and local displacements based on the N 2 2 measurement results. However, both in the scheme with N squeezed states and with one squeezed state, modes k and l are projected on bipartite entangled states for any nonzero squeezing and arbitrary N just due to the collapses of the N 2 2 momenta [18] . This indicates that, in particular, our scheme with N squeezed states, yielding classical fidelities for N $ 30 and some squeezing, might not be optimal. Yet asymmetric displacements by the N 2 2 classical results do not provide better fidelities.
In summary, we have considered multipartite entanglement based on quantum variables with a continuous spectrum and a quantum teleportation network using this multipartite entanglement. It can be comparatively easily generated using squeezed light and linear optics. This work was funded by a DAAD Doktorandenstipendium (HSP III) and by the EPSRC Grant No. GR͞L91344. S. L. B. thanks Eugene Polzik for suggesting we consider teleportation with nonsymmetric squeezing.
